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Abstract 
DNA quadruplexes (qs’s) are a class of “non-canonical” oligonucleotides (OGNs) composed 
of stacked guanine (G) quartets stabilized by specific cations. Metal porphyrins selectively 
bind to G-qs complexes to form what is known as DNAzyme, which can exhibit peroxidase 
and other catalytic activity similar to heme group metalloenzymes. In the present study we 
investigate the electrochemical properties and the structure of DNAzyme monolayers on 
single-crystal Au(111)-electrode surfaces using cyclic voltammetry and scanning tunnelling 
microscopy under electrochemical potential control (in situ STM). The target DNZyme is 
formed from a single-strand OGN with 12 guanines and iron (III) porphyrin IX (hemin), and 
assembles on Au(111) by a mercapto alkyl linker. The DNAzyme monolayers exhibit a 
strong pair of redox peaks at 0.0 V (NHE) at pH 7 in acetate buffer, shifted positively by 
about 50 mV compared to free hemin weakly physisorbed on the Au(111)-electrode surface. 
The voltammetric hemin signal of DNZyme is enhanced 15 times compared with that of 
hemin adsorbed directly on the Au(111)-electrode surface. This is indicative both that a close 
to dense DNAzyme monolayer is formed and that hemin is strongly bound to the 
immobilized 12G-qs in well-defined orientation favorable for interfacial ET with a rate 
constant of 6.0 ± 0.4 s−1. This is supported by in situ STM which discloses single-molecule 
G-quartet structures with a size of 1.6 ± 0.2 nm.  
 
1. Introduction  
DNA-based single- and double-strand (ss and ds) oligonucleotides (OGNs) immobilized on 
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solid surfaces are focus systems in molecular diagnostics and other chemical and biological 
sensing1-4. Long-range electron transfer (ET) mechanisms in redox metalloprotein systems 
have become understood in increasing detail over the last couple of decades5-8. The more 
recent discovery of long-range photo-induced ET in ds OGNs has triggered strong interest in 
the fundamental mechanisms of DNA-based electron and hole conductivity9-16. Electron or 
hole “hopping”, with full vibrational relaxation between each single-charge hop has emerged 
as an attractive mechanism for photo-induced OGN electronic conductivity. This notion is, 
however, faced with challenges in interfacial electrochemical ET in redox marked surface 
immobilized OGN molecules11-13,17-20. Much lower energies than in photochemical ET are 
involved here, questioning the feasibility of actual electron or hole generation (reduction and 
oxidation) in the nucleobase pairs in the electrochemical potential ranges accessible. It was 
also found that in addition to the Faradaic ET processes between the electrode surface and 
intercalated redox probes12,13,17-20, potential induced surface structural changes in the OGN 
adlayer on atomically planar Au(111)-electrode surfaces can induce capacitive voltammetric 
signals in the presence of multiply charged counter ions (spermidine)20  that stabilize the ds 
form21,22. These peaks can resemble the Faradic signals of the ET probes in redox marked 
OGNs otherwise forwarded as fingerprints of long-range electrochemical ET along the axis 
of the ds OGNs11,12,17-19. Central issues regarding the mechanisms of interfacial 
electrochemical ET of redox probes intercalated or covalently bound to immobilized target 
OGNs are therefore open.   
We report here a study of electrochemical OGN conductivity using a different approach with 
the following perspectives: 
• Our molecular target is a “non-canonical” OGN form, viz. a guanine-rich OGN quadruplex 
(G-qs) instead of the ds OGN. G-qs structures can be viewed as stacking of a variable number 
of G-quartets folding along ss guanine-rich strands23-26. G-qs’s form spontaneously in 
aqueous biological buffers in the presence of specific cations, potassium or sodium ions in 
particular, Figure 1A26. The G-qs’s resemble the telomer ends in the chromosomes23-28. Their 
natural biological functions are largely unknown, but G-qs peptide binding and recognition 
has attracted interest in peptide sensing, therapy and other biotechnology26-28. 
• The rigid G-qs structure compared with ds OGNs offers a perspective for facile long-range 
ET as reflected in good conductivity of G-qs’s29-32. As for spermidine induced ds OGN 
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structural tightening, G-qs’s might also show capacitive voltammetry that reflects 
reorientation of the rigid G-qs structure at the well-defined Au(111)-electrode surfaces. 
• Studies of the electrochemical behavior of G-qs’s immobilized on polycrystalline Au-
electrode surfaces have been reported33,34. These have, for example been brought to 
distinguish between ds and qs’s structures based on surface accessibility of small mobile 
redox molecules such as [Ru(NH3)6]
2+/3+ and [Fe(CN)6]
4-/3-. In the present report, we use 
instead firstly atomically planar single-crystal Au(111)-electrodes onto which the target G-
qs’s are linked via a protected thiol linker and a chain of six methylene groups. Use of this 
configuration enables, secondly structural mapping of the immobilized G-qs molecules by 
electrochemical scanning tunnelling microscopy (in situ STM) to single-molecule resolution. 
• Finally, recent reports have pointed to the feasibility of both structural and functional 
single-molecule mapping of complex molecules including both redox metalloproteins and 
redox marked DNA-based molecules, by scanning tunnelling current/overpotential 
spectroscopy under electrochemical potential control (in situ STS)34,35. These studies include 
the use of a redox probe intercalated or covalently bound to the OGN frame and electron 
exchange between the redox probe and the electrode.36-39. Other recent studies have addressed 
single-molecule conductivity in situ using direct conductivity approaches39. The G-qs 
structure can be combined with iron (III) porphyrin IX (hemin) through л−л stacking between 
the porphyrin and the guanine quartet plane26,40,41. This “hybrid”, known as DNAzyme 
catalyzes the reduction of dioxygen or hydrogen peroxide similarly to the peroxidase enzyme 
class. The hemin molecule is believed to be terminally bound to either of the two terminal 
quartet planes of the G-qs, Figure 1A and 1B. In the present work hemin is thus a redox probe 
that could potentially monitor long-range electrochemical ET through the G-qs molecules. 
 
Figure 1. (A) Scheme of G-qs structure stabilized by K+ ions. (B) Scheme of G-qs DNAzyme with 
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terminally bound hemin molecules. (C) Molecular structure of hemin. 
We address first as a reference structural and electrochemical properties of hemin adsorbed 
on bare Au(111)-electrode surfaces using a combination of cyclic voltammetry and in situ 
STM to single-molecule resolution. This is fraught with some challenge as hemin is adsorbed 
much more weakly on Au(111)-electrode surfaces in biologically pH-ranges than on, say 
highly oriented pyrolytic graphite (HOPG) surfaces. We explore next the interfacial 
electrochemical structure and dynamics of the shortest, ss 15-base OGN, 5’-SH-(CH2)6-GGG 
A GGG T GGG A GGG (MW 5147.3, T30695)26, folded into the G-qs structures in the 
presence of potassium ions, and attached to the Au(111)-electrode surface via a protected –S-
(CH2)6- linker. The 12G target is addressed both in pure form and with terminally bound 
hemin, using the same combination of CV and in situ STM as for hemin itself. Notable 
differences between the adlayers of pure and hemin marked G-qs (DNAzyme) are observed. 
Intriguingly, both the electrochemical hemin signal and the UV-vis absorption spectra of the 
G-qs DNAzyme in the hemin Soret band region are much stronger than for hemin itself, 
indicative that a robust organized and dense 12G-qs/hemin adlayer has formed.  
Based on in situ STM, it is shown that the single 12G-qs molecular entities can organize 
collectively into monolayers on the Au(111)-electrode surface possibly via hydrogen bond 
interactions among the guanine quartets. The domains are composed of alternating quartets 
and octagons with intermolecular distance of about 1.6 ± 0.2 nm. The organization follows, 
intriguingly adsorption patterns of single-G-quartets of guanine molecules on Au(111)-
surfaces at 350 K in ultra-high vacuum (UHV)42. Approaches such as these to G-qs/hemin 
monolayers have not been reported before.  
 
2. Experimental 
2.1 Chemicals and Preparations 
Chloroprotoporphyrin IX iron (III) (hemin, porcine, C34H32ClFeN4O4, ≥ 98.0%), sodium 
hydroxide (NaOH, 99.99%), sodium acetate (CH3COONa, 99+%), potassium acetate 
(CH3COOK, for molecular biology, ≥ 99.0%), were all from Sigma-Aldrich and used without 
further purification. Hemin solution was prepared by dissolving 1 mM hemin in 10 mM 
sodium hydroxide and diluting to 2.5 µM with sodium acetate buffer at pH 7. Millipore water 
(Milli-Q, 18.2 MΩ cm) was used throughout. The purified 12G oligonucleotide (5’-SH-
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(CH2)6-GGG A GGG T GGG A GGG, MW 5147.3) was synthesized using commercially 
available building blocks at the Nucleic Acid Center, University of Southern Denmark. 
The 12G samples were prepared in 0.51 µM stock solution in 5 mM sodium acetate 
solution at pH 7.2 and stored at − 20°C. Before use, the solution was annealed at 88 °C for 10 
min to ensure complete melting and then cooled slowly to room temperature26,40.  
 
2.2 Preparation of G-Quadruplex DNAzyme Monolayers on Au(111) Electrode Surfaces 
Single-crystal Au(111) bead electrodes (ca. ø 3 mm) were prepared as described and checked 
by cyclic voltammetry in 0.1 M H2SO4
43-47. The Au(111) bead electrodes were cleaned prior 
to use by H2 flame annealing and quenched in Millipore water saturated with H2. 
To form the G-qs quadruplex structures, 0.51 µM 12G stock solution was mixed with 10 
µM potassium acetate at room temperature (21°C). After 45 min, the G-qs formed was 
incubated with 0.25 µM hemin solution for one hour leading to binding or intercalation of 
hemin molecules in 12G-qs G-qs/hemin complexes, here denoted as DNAzyme. After 
quenching in Millipore water, the Au(111)-electrodes were soaked in DNAzyme solution for 
1 hour, rinsed with a mixture of 5 mM sodium and 10 µM potassium acetate, and then used in 
the cyclic voltammetry and in situ STM.  
 
2.3 Preparation of Hemin Monolayers on Au(111)- Electrode Surfaces 
Self-assembled monolayers of hemin molecules were prepared by immersing the freshly 
cleaned single-crystal Au(111)-electrodes in 0.25 µM or higher hemin solutions in 5 mM 
sodium acetate buffer, pH 7.2 for 1 hour. The modified electrodes were gently rinsed and 
kept in the same buffer for further use. 
 
2.4 Instrumentation 
The Au(111)-electrodes for cyclic voltammetry were used in the hanging meniscus mode. 
Cyclic voltammetry was performed using an Autolab potentiostat/galvanostat system (Eco 
Chemie, The Netherlands) controlled by the NOVA 2.0 software. An electrochemical setup 
including a cell and three-electrode configuration was employed as described43-47. A bright 
platinum wire was used as counter electrode and a freshly prepared reversible hydrogen 
electrode (RHE) exposed to the same supporting electrolyte and bubbled with pure H2 as the 
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reference electrode. The RHE was calibrated against the saturated calomel electrode (SCE) 
after each experiment. The electrolyte was deoxygenated by bubbling purified argon 
(Chrompack, 5 N) into the solution for one hour, and an argon atmosphere maintained 
throughout the experiments. UV-visible absorbance spectra were recorded using an Agilent 
G1103A Spectrophotometer. 
A Pico SPM instrument (Molecular Imaging Co., U.S.A) was used for in situ STM. 
Home-made STM Tips were prepared by etching either tungsten or Pt/Ir (80/20) wire and 
coated with Apiezon wax47. The in situ STM cell was an in-house-built three-electrode PTFE 
cell with two Pt wires as reference and counter electrodes. The Au(111)-electrode was the 
substrate. The potential of the Au(111)-electrode substrate and of the tungsten or Pt/Ir tips 
was controlled in the supporting electrolyte by a bipotentiostat.  
 
3. Results  
3.1 Voltammetry of Hemin Monolayers on Au(111)-electrode surfaces 
Hemin adsorbed on the Au(111)-electrode surface was found to display a complex behavior 
that reflects both protonation equilibria and dimer/oligomer formation on the surfaces in 
different pH-ranges. We shall communicate these observations elsewhere. Presently we focus 
on hemin surface behavior on a bare Au(111)-electrode surface in the same aqueous buffer, 
pH ≈ 7 as the stability range of surface immobilized G-qs to be probed by bound hemin. 
Without the hemin monolayer, acetate adsorbs on the Au(111)-electrode surface, giving a 
set of strong and composite adsorption/desorption peaks in the range 0.1~0.6 V (vs. NHE), 
Figure 2A44. Hemin adsorption causes the acetate adsorption peaks largely to disappear, and a 
pair of peaks with a midpoint potential around – 0.05 V (NHE) appears instead, Figure 2B. 
This peak is fraught with a high capacitive background but conspicuous enough that the 
dependence of the peak height, ip on the scan rate v could be determined. The ip/v correlation 
is clearly linear up to about 0.5 V s-1, Figure 2C, identifying the voltammetric behavior as 
surface confined.  
The coverage of the hemin on the surface depends on the hemin concentration in the soaking 
solution. Taking the process to be a one-ET transition, the surface coverage was found to be 
about (6.0 ±1.4) × 10−13 mol · cm−2 from the peak area when the hemin adlayer was prepared 
from 0.25 µM hemin solution. If the adlayer is prepared from 0.5 µM hemin solution, 
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significantly stronger peak currents appear, Figure 2D, giving now a coverage of hemin 
molecules of (5.4 ± 0.4) × 10−12 mol · cm−2. Assuming a dense monolayer of a 1 × 1 nm2 
molecular hemin entity, the coverage is 1.7 × 10−10 mol · cm−2. If all the hemin molecules in 
1 mL solution are adsorbed on a Au(111)-electrode with a diameter of 3.0 mm and form a 
monolayer, this would correspond to a hemin concentration of 0.012 µM. As hemin 
molecules are involved in an adsorption equilibrium between the electrode and solution, a 
concentration of 0.25 ~ 0.5 µM hemin appears insufficient to form a full monolayer on 
Au(111) surface. 
The anodic and cathodic peak separation increases from about 60 mV at the lowest scan 
rates to about 113 mV at higher scan rates approaching 1 V s-1, Figure 2D. At still higher scan 
rates the hemin monolayer seemed to loosen from the surface and the peak current 
dependence on the scan rate was replaced by a ip/v
½
 dependence (data not shown). The peak 
separation dependence on the scan rate up to 1 V s-1 enabled estimating the standard 
interfacial electrochemical ET rate constant, ks using Laviron’s method, giving the value of ks 
≈ 15 ± 2 s-1. This value can be compared with the value found from hemin stacked onto G-qs, 
see Section 3.3.  
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Figure 2. (A) Cyclic voltammetry (CV) of Au(111)-electrode in 5mM sodium acetate solution, pH 
7.3. Scan rate, 0.2 V s-1. (B) CV of hemin modified Au(111)-electrode at different scan rates. 5 mM 
sodium acetate, pH 7.1. The hemin adlayer prepared from 0.25 µM hemin solution, 5 mM sodium 
acetate, pH ~ 7. The arrows inserted at ≈ 0.0 V point to the (small) hemin Faradaic peaks. (C) Anodic 
peak current versus the scan rate. (D) CV of hemin modified Au(111)-electrode prepared from 0.5 
µM hemin solution at different scan rates. 
 
3.2 In Situ STM of Hemin Monolayers on Au(111)-Electrode Surfaces 
In situ STM of the adlayer structure of hemin on the Au(111)-electrode surface in sodium 
hydroxide solution was recorded next. A full self-assembled monolayer (SAM) of hemin 
molecules was obtained by soaking the Au(111) electrode in 10 µM hemin aqueous solution 
at pH 12. This coverage is much higher than the coverage obtained by soaking in 0.25 µM 
hemin solution around pH 7. As shown in Figure 3A, ordered lines with 120° angle and 6.4 
nm spacing on the atomically flat terrace were observed. These lines are attributed to the 
characteristic Au(111) herringbone (√ × 22) reconstruction lines on Au(111) and indicates 
clearly that the hemin molecules are physisorbed on the Au(111) surface.  
Ordered arrays of hemin molecules are thus assembled on the reconstructed Au(111) 
surface. A close-up image is shown in Figure 3B. Detailed distance and angle analysis shows 
that one row of the adlayers is parallel to one of the atomic rows of the Au(111)-surface with 
a periodic distance of 1.2 ± 0.1 nm. The other row is perpendicular to the atomic row of the 
substrate underneath with the periodic distance 1.6 ± 0.2 nm. The surface structure is 
therefore assigned to a c(4 × 3√)−2 unit cell containing two hemin molecules. The unit cell 
is marked in Figure 3B and a likely surface binding mode is proposed in Figure 3C.  The 
hemin plane is parallel to the Au(111)-surface probably supported by the –OH axial ligand 
adsorbed on the surface. Both hydrophobic and hydrophilic interactions act among the hemin 
molecules in the monolayer. The hemin molecule at the center is moreover mirror symmetric 
relative to the molecules at the corners of the rectangle, and the pairs stabilized by both 
hydrogen bonds and hydrophobic interactions between the hemin side groups48-51. The unit 
cell is close to the c(5 × 6√)−2 unit cell for Co(II)phthalocyanine  on Au(111) reported by 
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Itaya and associates52 but differs from the unit cells of octaethylporphyrin iron(III) chloride  
(a × b = 1.23 nm × 1.4 nm with an angle of 66°) on Au(111)53 and hemin (1.22 nm × 1.34 nm 
with 68°) on HOPG48. These differences are most likely caused by different lateral 
interactions among the molecules and between the molecules and the electrode substrates51. 
Very different packing lattices in cysteine monolayers on Au(111)- and Au(110)-electrode 
surfaces in solution and vacuum have also been found47,54.  
 
 
Figure 3. (A) and (B)  In situ STM images of hemin monolayer on single-crystal Au(111)-electrode in 
10 mM sodium hydroxide, pH 12. The electrode modified in 10 µM hemin in 10 mM sodium 
hydroxide solution. Working electrode potential E
work
 = 0.2 V (vs. NHE), tunnelling current I
tunnel
 = 
0.04 nA. Bias voltage, V
bias
 = 0.26 V (A), V
bias
 = − 0.14 V (B). (C) Proposed model for iron porphyrin 
monolayer formed on Au(111) surface superimposed with a c(4 × 3√)-2 unit cell.  
 
3.3 Cyclic Voltammetry of 12G-qs and DNAzyme SAMs  
 Our qs target, 12G-qs is the smallest G-qs with only three G-quartets. The DNAzyme is 
formed when hemin molecules are bound onto the 12G-qs ends by π-π interaction or 
intercalated into the 12G-qs structures. As shown in Figure 4A, the Soret absorption peak at 
404 nm from the constructed DNAzyme is 20 times higher than the peak for the same 
concentration of free hemin in solution and furthermore red-shifted by 2 nm compared to that 
of free hemin molecules. Both spectral observations indicate that there is strong electronic 
interaction between hemin and the terminal quartet(s) in spite of the non-covalent nature of 
this interaction. The OGN absorption peak at 254 nm is maintained after binding of hemin.   
The DNAzyme was investigated by cyclic voltammetry (CV). Hemin free 12G-qs or the 
DNAzyme complex was adsorbed on the Au(111)-electrode surface through the protected 
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SH-group. Figure 4B and C show CVs of hemin-free 12G-qs and the 12G-qs/hemin complex 
(DNAzyme), respectively. The CVs of hemin free 12G-qs show a broad featureless 
capacitive background in the potential range − 0.4 V to + 0.1 V. There is, however, also a 
conspicuous pair of peaks at ≈ − 0.4 V for the anodic peak and ≈ − 0.55 V for the cathodic 
peak (midpoint potential − 0.48 V). Indications of less well-defined peaks around + 0.2 V are 
not likely to be associated with hemin but either with adsorption of acetate or reconstruction 
lift of the Au(111)-electrode surface. The origin of the − 0.4 and − 0.55 V peaks is not clear. 
Reductive and oxidative desorption/re-adsorption cannot be excluded, but both the midpoint 
potential and shape of this low-potential pair resemble those for the capacitive peaks 
observed for 20-base pair ds ONS when the triply charged counter ion spermidine was 
present20. Spermidine is known to stabilize the ds form21,22, and the peak –specific to base 
pair matching - was assigned to potential induced surface structural reorganization in the 
double-strand DNA adlayer which was further tentatively supported by in situ STM in the 
peak potential range. The –0.4/–0.55 V 12G-qs pair could have a similar origin, i.e. arise 
from surface reorientation or order/disorder transition in the SAM of the compact 12G-qs 
molecules. In situ STM imaging studies to explore the surface dynamics further are in 
progress. 
Figure 4C shows CVs of the DNAzyme, i.e. hemin bound in the 12G-qs/hemin complex. 
In order to avoid having free hemin in the solution the complex was always prepared from a 
2:1 G-qs/hemin mole ratio, leaving statistically one bound hemin molecule per 12G-qs/hemin 
complex. The most striking observation now is a strong signal at 0.0 V (vs. NHE), shifted 
positively by about 50 mV compared to the midpoint potential of hemin physisorbed on the 
Au(111)-electrode surface. This is strongly indicative of favorable interfacial ET of hemin 
bound to 12G-qs, possibly through the G-quadruplex structures, and further of high 12G-qs 
coverage on the Au(111)-electrode surface. The peak current of the strongly 12G-qs bound 
hemin is thus increased about 15 times compared to the physisorbed hemin on the Au(111)-
electrode surface. The total amount of hemin bound to surface immobilized 12G-qs after π-π 
binding or intercalation is (2.5 ± 0.4) × 10−11 mol · cm−2, which is 40 times the amount of 
physisorbed hemin in Figure 2B. Both anodic and cathodic peak currents depend linearly on 
the scan rates, corresponding to surface behavior of the DNAzyme monolayer, Figure 5D. 
The anodic peak widths are in the 103~135 mV range at scan rates from 0.1 to 1.0 V/s. This 
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can be compared with the theoretical value (91 mV) for reversible one-electron transfer and 
supports that as an average, there is one bound hemin molecule per 12G-qs structural entity. 
The amount of the DNAzyme obtained from the CVs, (2.5 ± 0.4) × 10−11 mol · cm−2 is not 
much lower than for a dense monolayer of 12G-qs/hemin, which is (6.6 ± 0.7) × 10−11 mol · 
cm−2 obtained from the STM results, Section 3.4. The standard interfacial electron transfer 
rate constant ks is 6.0 ± 0.4 s
−1, which is comparable even to that of the hemin monolayer 
itself adsorbed directly on the Au(111)-electrode surface (15 ± 2 s-1, Section 3.1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. (A) UV-vis spectra of 0.5 µM 12G-qs, 0.5 µM 12G-qs with 0.25 µM hemin, and of 0.25 
µM hemin solutions in 5 mM sodium acetate buffer with 10 µM K+ ions at pH 7. (B) CVs of 12G-qs 
modified Au(111)-electrode in 5 mM sodium acetate, pH 7.2 at different scan rates. Tilted arrows 
show the voltammetric peaks discussed in the text. (C) CVs of DNAzyme modified Au(111)-
electrode in 5 mM sodium acetate, pH 7.2 at different scan rates. (D) Anodic and cathodic peak 
currents versus scan rates. 
 
3.4 In Situ STM of 12G-qs DNAzyme SAMs on Au(111)-surfaces 
The DNAzyme adlayer assembled on the Au(111)-electrode surface was further characterized 
 
 
 
G-qs 
G-qs-hemin 
hemin 
300 400 500 600
0.00
0.05
0.10
A
b
s
o
rb
a
n
c
e
 /
 a
.u
.
Wavelength / nm
-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4
-30
0
30
60
j 
/ 
µ
A
c
m
-2
 
E / V (vs.NHE)
1.0 V/s 
0.7 
0.5 
0.3 
0.1 
-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4
-20
0
20
j 
/ 
µ
A
c
m
-2
E / V (vs.NHE)
1.0 V/s 
0.7 
0.5 
0.4 
0.2 
0.1 
A B 
0.0 0.2 0.4 0.6 0.8 1.0
-10
0
10
j 
/ 
µ
A
c
m
-2
v / Vs
-1
C D 
Page 11 of 19 Faraday Discussions
Fa
ra
da
y
D
is
cu
ss
io
ns
A
cc
ep
te
d
M
an
us
cr
ip
t
Pu
bl
ish
ed
 o
n 
27
 M
ay
 2
01
6.
 D
ow
nl
oa
de
d 
by
 D
TU
 L
ib
ra
ry
 o
n 
22
/0
6/
20
16
 1
4:
47
:3
0.
 
View Article Online
DOI: 10.1039/C6FD00091F
  
12 
 
by in situ STM, Figure 5. These data are somewhat preliminary, and further work is in 
progress. The potential applied to the sample is 0.49 V, which is the open circuit potential 
and the hemin redox center bound to 12G-qs is in the oxidized form Fe (III). Our present 
objective is thus to achieve single-molecule imaging, but tunnelling current/overpotential and 
bias voltage spectroscopy will be addressed in the further research. Ordered domains are seen 
already over a large scan area of 200 × 200 nm2. The reconstruction lines of the Au(111)-
surface are lifted in the presence of the DNAzyme adlayer due to formation of S-Au bonds, 
Figure 5A. Zooming in to 100 × 100 nm2, two kinds of domains become apparent. Domain 1 
shows network-like structures, while Domain 2 shows linear arrays (Figure 5B). Smaller 
bright structures, possibly liberated hemin molecules are also apparent. The fine-structure in 
Domain 1 resolved to 40 × 40 nm2 shows both quadratic molecular scale and larger octagonal 
entities (Figure 5C). The quadratic entities could represent the folded 12G-qs box composed 
of three vertically stacked planar G-quartets. The octagonal units would then be larger 
structural entities formed through hydrogen bonds stretching out from the quartets, Figure 5D 
and further mediated via networks of surface bound water molecules. Similar quartet 
structures were discovered by the assembly of guanine molecules directly on Au(111) surface 
in ultra-high vacuum (UHV) as imaged by STM at 350 K.42 The size of the G-quartet with 
the four guanine molecules in UHV is 0.67 nm. The size of the 12G-qs in aqueous solution 
presently studied is larger and measured to be 1.6 ± 0.2 nm. The larger side length is most 
likely caused by water molecules engaged in hydrogen bonding stretching out from the 12G-
qs boxes.  
Domain 2 is composed of parallel lines (Figure 5B). The origin of these structures is 
presently more elusive, but the lines could possibly suggest that unfolded single OGN strands 
are present and could align via hydrogen bonding between the unfolded strands. 
Page 12 of 19Faraday Discussions
Fa
ra
da
y
D
is
cu
ss
io
ns
A
cc
ep
te
d
M
an
us
cr
ip
t
Pu
bl
ish
ed
 o
n 
27
 M
ay
 2
01
6.
 D
ow
nl
oa
de
d 
by
 D
TU
 L
ib
ra
ry
 o
n 
22
/0
6/
20
16
 1
4:
47
:3
0.
 
View Article Online
DOI: 10.1039/C6FD00091F
  
13 
 
 
Figure 5. (A−C) In situ STM images of DNAzyme adlayer on Au(111)-electrode surface in 5 mM 
sodium acetate at pH 7.0. Ew = 0.49 V (vs. NHE), Vbias = − 0.48 V. Itunn = 0.09 nA. (D) As a 
comparison, structure of the planar G-quartet and the octagonal superstructure of the G-quadruplex 
SAMs formed on the Au(111)-electrode surface. 
 
4. Conclusion  
Electronic conductivity of redox metalloproteins and metalloenzymes34,36-39,55,56, and of 
double strand DNA-based molecules11-13,16-19,57,58 immobilized at electrochemical interfaces 
have been explored comprehensively. Electronic conductivity of “non-canonical” DNA 
forms, quadruplexes in particular have also been addressed, but such reports have only begun 
to appear much more recently27-33, and with little if any direct approach to interfacial 
Page 13 of 19 Faraday Discussions
Fa
ra
da
y
D
is
cu
ss
io
ns
A
cc
ep
te
d
M
an
us
cr
ip
t
Pu
bl
ish
ed
 o
n 
27
 M
ay
 2
01
6.
 D
ow
nl
oa
de
d 
by
 D
TU
 L
ib
ra
ry
 o
n 
22
/0
6/
20
16
 1
4:
47
:3
0.
 
View Article Online
DOI: 10.1039/C6FD00091F
  
14 
 
electrochemical ET of the quadruplex targets themselves. As noted, perspectives of 
addressing the electrochemistry of the quadruplexes offer other perspectives: (a) the box-like 
qs structure, Figure 1 offers a mechanistic perspective for electronic conductivity through a 
three-dimensional DNA-based structures more rigid than ds DNA; (b) The rigid “solid” 
structure may also hold a perspective for mapping potential induced structural reorientation 
of the surface immobilized qs DNA adlayers on the atomically planar Au(111)-electrode 
surfaces similar to what was reported for 20-base ds OGNs bound to spermidine20 and for 
other biomolecules such as the amino acid homocysteine59 and other complex molecules60 as 
well as the nucleobases themselves61; (c) surface immobilized G-quadruplexes finally offer 
perspectives for ultra-sensitive detection of metal ions40-42, complex biomolecules such as 
peptides23-30, and perhaps other analytes. 
In the present study we have addressed both the interfacial electrochemical behavior and 
single-molecule structural in situ STM imaging of a DNA quadruplex, viz. the smallest three-
quartet stacked 12G-qs immobilized on single-crystal Au(111)-electrode surfaces. The planar 
macrocyclic Fe(II)/(III) complex hemin terminally bound non-covalently to the quadruplex 
molecule, or possibly intercalated in the 12G-qs structure is exploited as a redox probe for 
interfacial electrochemical electron transfer. Biological buffers with pH around 7 were the 
reaction media. 
Hemin itself was found to adsorb directly on the Au(111)-electrode surface and to show 
complex electrochemistry depending on pH, soaking concentration etc., to be communicated 
elsewhere. A single monolayer voltammetric redox peak ascribed to the Fe(II)/(III) transition 
appears, however, at – 0.05 V (NHE) at pH 7. Soaking at hemin concentrations in the sub-
µM range gives a coverage of only a few per cent but soaking at high (10 µM) hemin 
concentration leads to a dense and highly ordered monolayer with a c(4 × 3√)-2 surface 
lattice as clearly mapped by in situ STM. 
12G-qs and the 12G-qs/hemin complex both adsorb on the Au(111)-electrode surface. 
Voltammetry of hemin-free 12G-qs shows a broad featureless capacitive background but also 
a conspicuous pair of voltammetric peaks at the significantly negative potentials, – 0.4 to – 
0.55 V (vs. NHE). This pair resembles the capacitive peak reported earlier for 20-base pair 
DNA OGNs with bound spermidine20. The triply charged spermidinium cation increases both 
the structural stability and rigidity of the ds DNA backbone. In this respect the 12G-qs 
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appears to resemble spermidinium stabilized ds DNA, and we tentatively assign the – 0.4/– 
0.55 V peaks to potential induced 12G-qs adlayer reorientation. We have not, however, 
presently reached the same level of support for 12G-qs structural reorganization as for 
spermidinium bound ds 20-base pair OGNs.  
Intriguingly, the hemin voltammetric peak intensity, sharpness, and stability all increase 
strongly compared with hemin physisorbed directly on the Au(111)-electrode surface, when 
hemin is bound to 12G-qs on the Au(111)-electrode surface. Close to full monolayer 
coverage of hemin bound 12G-qs emerges from the CVs, testifying to close to full monolayer 
coverage of hemin-bound 12G-qs. The well-defined peaks enable estimating the interfacial 
electrochemical ET rate constant as 6.0 ± 0.4 s-1. This value is high, and as the terminal 
hemin binding site can be at either end of the 12G-qs target molecule, the standard rate 
constant can reflect ET of hemin bound either at the adjacent or the remote end of vertically 
bound or tilted 12G-qs. The electronic charge flow could thus reflect ET through the 12G-qs 
box, but this conclusion is not presently definite. 
A dense monolayer of 12G-qs/hemin complex was supported by in situ STM. Domains 
of G-quartets/octagons ordered collectively possibly via H-bonded water molecules are 
clearly visible, Figure 5. Formation of ordered adlayers is, however, highly sensitive to 
preparation conditions, quality of the electrodes, and other controlling factors. Domains of 
linear structures, suggested to be single-strand unfolded 12G-qs molecules are thus visible 
together with the quartet structures in the same scan area, Figure 5.  
In conclusion, 12G-qs can be immobilized on well-defined Au(111)-electrode surfaces. A 
capacitive voltammetric peak at negative potentials is indicative of potential induced 
structural surface reorientation in the adlayer similar to what was reported for spermidine 
bound 20-base pair ds OGN20 although not as solidly supported. Hemin bound to surface 
immobilized 12G-qs’s displays well-defined Faradaic voltammetry with much stronger and 
better defined hemin-based peaks than for hemin directly physisorbed on the Au(111)-surface 
and with fast interfacial electrochemical electron transfer. 
The peak area reflects that a dense monolayer of 12G-qs/hemin DNAzyme has formed, 
supported by in situ STM imaging. Even though still voltammetrically highly active, these 
attractive looking structures are, however, fragile and at risk of decomposition into both 
unfolded but still laterally organized 12G single strands and less ordered surface adlayers of 
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mixed single-entity structures and a disordered background. Work towards optimization of 
the imaging conditions is in progress. This work will address both tunnelling 
current/overpotential and current/bias voltage spectroscopy and also target qs structures with 
two hemin molecules bound. The latter approach would give a clearer view of long-range ET 
through the 12G-qs structure either by ET directly between the remote hemin group and the 
electrode surface or by sequential ET that would also involve electron exchange between the 
two bound hemin molecules. 
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